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Background: a-Conotoxins are peptide toxins, isolated from Conus snails, that
block the nicotinic acetylcholine receptor (nAChR). The 16-residue peptides
PnIA and PnIB from Conus pennaceus incorporate the same disulfide framework
as other a-conotoxins but differ in function from most a-conotoxins by blocking
the neuronal nAChR, rather than the skeletal muscle subtype. The crystal
structure determination of PnIA was undertaken to identify structural and surface
features that might be important for biological activity.
Results: The 1.1 Å crystal structure of synthetic PnIA was determined by direct
methods using the Shake-and-Bake program. The three-dimensional structure
incorporates a b turn followed by two a-helical turns. The conformation is
stabilised by two disulfide bridges that form the interior of the molecule, with all
other side chains oriented outwards.
Conclusions: The compact architecture of the PnIA toxin provides a rigid
framework for presentation of chemical groups that are required for activity. The
structure is characterized by distinct hydrophobic and polar surfaces; a 16 Å
separation of the sole positive and negative charges (these two charged
residues being located at opposite ends of the molecule); a hydrophobic region
and a protruding tyrosine side chain. These features may be important for the
specific interaction of PnIA with neuronal nAChR.
Introduction
Conus spp. are a group of hunting snails that paralyse
their prey (worms, molluscs or fish) by injecting a cock-
tail of peptide toxins [1,2]. Their venom contains cono-
toxins which comprise predominantly disulfide-rich
peptides that selectively target specific receptors and ion
channels critical to the functioning of the neuromuscular
system. Conotoxins are short compared with other
polypeptide toxins, varying in length from approximately
10 to 30 residues.
The disulfide-rich conotoxins have been classified into
four main groups: the a-, v-, m- and d-conotoxins. 
The first to be identified and characterized were 
the a-conotoxins, which block nicotinic acetylcholine 
receptors (nAChR) [3,4] and have two disulfide bonds, 
resulting in their ‘two-loop’ structural framework 
(Fig. 1a). The v-conotoxins incorporate three disulfide 
bonds (forming a ‘four-loop’ structural framework) 
and specifically target the N-type neuronal calcium 
channel [4,5]. The m- and d-conotoxins target different 
sites on the sodium channel to cause blocking or 
activation, respectively [6,7]. m-Conotoxins have three 
disulfide bonds that form a ‘three-loop’ structural frame-
work, whereas d-conotoxins share the same framework 
as v-conotoxins.
The species from which a particular conotoxin is isolated
is identified in the letters of its name. Thus, the recently
identified and characterized a-conotoxins PnIA and PnIB
were isolated from the venom of the molluscivorous snail
Conus pennaceus [8]. PnIA and PnIB are defined as a-cono-
toxins from their nAChR activity, structural framework
and disulfide pattern, but have significant sequence and
functional differences to other a-conotoxins isolated from
fish-hunting (piscivorous) Conidae (C. geographus, C. magus
and C. striatus). First, in vertebrates most a-conotoxins
block specifically the a-bungarotoxin-sensitive nAChR in
skeletal muscle [9], whereas PnIA and PnIB target neu-
ronal nAChR [8]. Second, PnIA and PnIB display distinct
sequence differences to other a-conotoxins (Fig. 1b). The
two peptide loops defined by the disulfide connections in
a-conotoxins from piscivorous Conidae are three and five
residues in length, whereas in both PnIA and PnIB these
two loops are lengthened to four and seven residues,
respectively. Also, a-conotoxins are thought to interact
with the a-bungarotoxin-sensitive site on nAChR through
positive charges at the N-terminal amine (the C-terminus
is amidated) and a highly conserved arginine or lysine 
at position 9. Although both PnIA and PnIB retain the
positively charged N-terminal amine, their only charged
residue is the negatively charged Asp14. Interestingly, two
other recently characterized a-conotoxins, ImI from the
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polychaete worm-hunter C. imperialis (which targets the
neuronal nAChR) [10] and EI from the Atlantic fish-
hunter C. ermineus [11], also show sequence divergence
from previously isolated a-conotoxins (Fig. 1b). 
Despite the significant interest in conotoxins as probes for
receptor structure, little is known of their structure. NMR
structures have been published for a few conotoxins, but
only one a-class conotoxin structure has been solved, that
of GI from C. geographus [12,13]. Notably, no conotoxin
crystal structures are reported in the literature, probably a
result of the difficulty in crystallizing the small peptide
toxins. However, the crystal structure of GI is solved but
not yet published (LWG, JLM, L Shan, AB Edmunson
and WR Gray, unpublished data). As part of a wider inves-
tigation into the structure and function of conotoxins, we
have crystallized and determined the 1.1 Å structure of
synthetic a-conotoxin PnIA. The unusual sequence of
PnIA, its specificity for molluscs and selectivity for neu-
ronal nAChR make this peptide structure an important
and useful probe of the nAChR.
Results
Structure determination
Macroseeded crystals for diffraction data measurement were
grown from a salt solution using chemically synthesized
PnIA that was based on the sequence derived by Fainzilber
et al. [8]. The crystals belong to the monoclinic P21 space
group with cell parameters a=15.0 Å, b=19.8 Å, c=16.5 Å
and b=113.4°. Merged crystallographic diffraction data
from two crystals were required to provide sufficient data
to 1.1 Å for the determination of the structure using the
Shake-and-Bake program [14]. Data completeness was
critical to the success of this method. We found that 
the individual data sets measured from either of the two
crystals were not sufficient on their own to solve the
structure. The individual data sets had an overall com-
pleteness of ~80–90% and a completeness in the top shell
(1.1–1.14 Å) of ~60–70%. Merging the crystallographic
data from the two crystals gave a data set with an overall
completeness of ~95%, and 80% in the top shell. Details
of the statistics from data measurement and structure
refinement are given in Tables 1 and 2. The quality of
the final 2Fo–Fc electron-density map, which is complete
for all PnIA atoms plus twelve solvent molecules, is
shown in Figure 2.
Overall structure
The backbone fold and space filling representations of the
PnIA structure are shown in Figure 3 and a stereo drawing
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Figure 1
Conotoxin frameworks. (a) The structural frameworks of the four major
classes of conotoxins, with their distinctive disulfide bond pattern
indicated. (b) Sequence alignment of a-conotoxins from various Conidae
with cysteine residues highlighted: PnIA and PnIB from C. pennaceus
[8]; GI, GIA and GII from C. geographus [3]; MI from C. magus [33]; SI,
SIA and SII from C. striatus [9]; ImI from C. imperialis [10]; and EI from
C. ermineus [11]. The letter O in the sequence of EI represents hydroxy-
proline. Asterisks indicate an amidated C terminus. Hyphens indicate
gaps in the sequence alignment.
(a)
(b)
α-framework µ-framework
cc...c.....c cc.....c....c....cc
ω- and δ-frameworks
c......c......cc...c......c
PnIA      GCCSLPPCAANNPDYC*
PnIB      GCCSLPPCALSNPDYC*
GI        ECCN-PACGRHY--SC*
GIA       ECCN-PACGRHY--SCGK*
GII       ECCH-PACGKHF--SC*
MI       GRCCH-PACGKNY--SC*
SI        ICCN-PACGPKY--SC*
SIA       YCCH-PACGKNF--DC*
SII      GCCCN-PACGPNY--GCGTSCS
ImI       GCCSDPRCAWR----C*
EI      RDOCCYHPTCNMSNPQIC*
Table 1
X-ray diffraction data.
Crystal 1 Crystal 2 Merged data
Maximal resolution (Å) 1.1 1.1 1.1
Number of observations 9008 7290 16 298
Number of unique reflections 2896 3241 3459
All data
Completeness (%) 84 88 94
Rsym* 0.089 0.049 0.080
Top shell (1.1–1.14 Å)
Completeness (%) 59 68 80
Rsym* 0.247 0.177 0.240
*Rsym=S|I–<I>|/S<I>.
Table 2
Refinement statistics.
(F>2sF) cutoff All data
Resolution range (Å) 6.0–1.1 20–1.1
No. of reflections 2536 3459
Isotropic
R-factor* 0.127 0.147
R-free** 0.152 0.174
Anisotropic
R-factor* 0.115 –
R-free** 0.144 –
No. of PnIA atoms 110 –
No. of solvent atoms 12 –
Rms bond length (Å) 0.005 –
Rms bond angles (°) 1.6 –
*R-factor=S|Fobs–Fcalc|/ SFobs.**R-free as defined by Brünger [35].
showing all atoms is given in Figure 4. The structure
incorporates a type I b turn (residues 2–5), followed by
two a-helical turns (residues 5–12). The f,c angles and
hydrogen bonds for all residues are given in Tables 3
and 4, respectively. Interestingly, for several of the helical
residues (Leu5, Cys8, Ala9) the main chain hydrogen
bond pairing includes i to i+3 (310 helix) in addition to, or
in place of, the i+4 (a-helix) interactions.
The space-filling representation of PnIA shows the mol-
ecule to be shaped roughly like a solid rectangle with
approximate dimensions 6 Å × 15 Å × 18 Å. In the orienta-
tion shown in Figure 3b, the charged N-terminal amine
of Gly1 and negatively charged side chain of Asp14 are
located at opposite ends of the large face of the rectangle
(16 Å apart), with the two disulfide bridges filling the
centre and Tyr15 protruding from the bottom right-hand
edge. There is some suggestion in the literature that
Tyr15 may be sulfated or phosphorylated to produce 
a variant form of PnIA [8]. This additional chemical
moiety could easily be accommodated into the PnIA
structure without disrupting the fold or disturbing other
structural features.
Analyses of the conformations of disulfide bridges in pro-
teins indicate that the most populated conformations
belong to the left-handed spiral class [15,16] for which the
χss dihedral angle lies in the range –90°±20°. The two
disulfide bonds of PnIA, Cys2–Cys8 (χss=–98°, S–S dis-
tance=2.0 Å) and Cys3–Cys16 (χss=–83°, S–S distance=2.0
Å) are both left-handed. The Ca–Ca distances of 5.0 Å
and 5.4 Å (for Cys2–Cys8 and Cys3–Cys16, respectively)
are also within the usual range for proteins [15,16].
The N and C termini of PnIA are separated by 10 Å, with
the C terminus held in place by the disulfide bond formed
between residues Cys3 and Cys16. The other disulfide
linkage, between residues Cys2 and Cys8, fixes the posi-
tion of the helix. In addition, there are 15 intramolecular,
3 intermolecular and 29 water-mediated hydrogen bonds
(Table 4) that stabilize the PnIA structure. Strikingly, all
three of the intermolecular hydrogen bonds involve the
only two charged functionalities in the sequence: the posi-
tively charged N terminal amine (which interacts with the
side chain oxygen of Asn12 and the carbonyl oxygen 
of Cys16) and the negatively charged Asp14 side chain
(which interacts with the backbone nitrogen of Cys2).
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Figure 2
2Fo–Fc electron-density map. The quality and resolution of the final
2Fo–Fc electron-density map is shown in the region of the structure
corresponding to Tyr15 and the disulfide bond formed between 
Cys3 and Cys16. Electron density is contoured at 1s.
Figure 3
Structure of PnIA. (a) The backbone fold of
PnIA (green) and the two disulfide bonds
(yellow) are shown. The surface of the
molecule is in blue and the N and C termini
are labeled. (b) Space-filling model of PnIA.
The positively charged N-terminal amine is in
blue, cysteine side chains (Cys2, Cys3, Cys8
and Cys16) in yellow, polar side chains (Ser4,
Asn11 and Asn12) in cyan, Tyr15 side chain
in magenta and the negatively charged Asp14
side chain in red.
The cysteine side chains forming the disulfide bridges are
oriented inwards and fill the centre of the PnIA structure.
All other side chains, including those of the hydrophobic
residues Leu5, Pro6, Pro7, Ala9, Ala10, Pro13 and Tyr15,
are oriented towards the solvent. Despite the prevalence
of hydrophobic groups on the surface of the structure only
two van der Waals interactions are identified when using a
3.4 Å cutoff; one intramolecular (Pro 6:CB–Pro 7:CD, 3.3
Å) and one intermolecular (Cys8:SG–Tyr15:CD1, 3.4 Å).
Conversely, the polar side chains (Ser4, Asn11, Asn12) are
each stabilized by several hydrogen-bond interactions
with at least one main-chain amide atom and several water
molecules (see Table 4). 
The four views of the molecular surface of PnIA (Fig. 5)
emphasize the charge distribution by highlighting distinct
patches of positive, negative, hydrophobic and polar
regions on the faces and edges of the molecule. The orien-
tation of PnIA in Figure 5a is the same as in Figure 3, and
shows a positively charged region corresponding to the
N-terminal amine and a negatively charged region corre-
sponding to Asp14 and several main chain oxygens. The
protrusion at the bottom right is the phenolic ring of
Tyr15, and the centre of the molecule is formed by the
hydrophobic disulfide core. A hydrophobic region corre-
sponding to side chains from three residues, Leu5, Pro6
and Pro7, is located above the positive charge. This
surface of PnIA is distinctly different from that of the
opposite face (Fig. 5d), which has a predominantly polar
surface resulting from contributions by main chain amides
and polar side chains. 
Discussion
The high-resolution crystal structure of PnIA shows the
tertiary structure to be rigidly held in place by the two
disulfide bonds that fill the centre of the molecule.
Fifteen intramolecular hydrogen bonds provide further
favourable energetic interactions that stabilize secondary
and tertiary structure, but no bond is particularly strong;
most of the hydrogen-bond lengths are over 3 Å. With the
core of the molecule occupied by the cysteine side chains,
the remaining side chains are oriented outwards. Thus,
the disulfide framework of PnIA produces a display of all
other chemical functionalities on the surface of the mol-
ecule. The position and orientation of these functionali-
ties may be critical for potent and selective interaction
with the target receptor.
In PnIA, the positioning of the surface residues results in
several interesting and spatially well-separated features.
Two edges of the molecule, separated by 16 Å, are oppo-
sitely charged, and the two faces of the molecule are also
distinguishable, one being hydrophilic (main chain and
polar side chains) and the other more hydrophobic (corre-
sponding to the disulfide core). In addition, there is a
distinct hydrophobic region near the positively charged
N terminus and a phenolic side chain close to the negatively
charged Asp14 and extending away from the molecular
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Figure 4
Stereo plot of the PnIA structure. Cysteine
and charged residues are labelled and
intramolecular hydrogen bonds are indicated
by dashed lines (3.3 Å cutoff). Oxygen atoms
are in red, sulfurs in yellow and nitrogen atoms
are in blue.
Cys8 Asp14
Cys2 Cys16
Cys3
Gly1 Gly1
Cys16Cys2
Asp14Cys8
Cys3
Table 3
The f,c angles for each residue of PnIA.
Residue f (°) c(°)
Gly1 – –
Cys2 –46 –53
Cys3 –67 –14
Ser4 –102 –5
Leu5 –104 112
Pro6 –40 –56
Pro7 –60 –38
Cys8 –73 –46
Ala9 –58 –45
Ala10 –66 –31
Asn11 –88 –8
Asn12 –135 58
Pro13 –64 –27
Asp14 –65 –37
Tyr15 –87 –46
Cys16 –80 –22
core. These structural characteristics may be significant in
the specific interaction between PnIA and neuronal
nAChR. Their importance, or otherwise, in phyla and
receptor-subtype specificity could be tested by single
amino acid replacement studies. On the basis of the
crystal structure, residues that should be investigated
include Leu5, Pro6, Pro7, Asp14 and Tyr15.
The structures of potent organic antagonists of muscle
nAChR incorporate two positive charges separated by over
10 Å [17]. In the a-conotoxins that block the muscle
nAChR, the two positive charges are thought to be pro-
vided by the N-terminal amine and a conserved arginine
and lysine [18]. PnIA and PnIB, which target the neuronal
nAChR, incorporate the positively charged N-terminal
amine, but not the conserved arginine or lysine which is
replaced by alanine and leucine, respectively. The only
other charged residue in either PnIA or PnIB is the nega-
tively charged Asp14. In addition, the two C. pennaceus
a-conotoxins have lengthened loops compared with
muscle-nAChR-selective a-conotoxins such as GI. Com-
parison of the structure of PnIA with the NMR structure
of GI [12,13] indicates that the loop lengthening in PnIA
may increase the helical nature of the central residues of
the sequence. This could alter the relative position of side
chain residues. 
Biological implications
Hunting snails of the family Conidae utilise a potent
venom cocktail for prey capture. a-Conotoxins are
disulfide-rich peptide components of the venom that
cause paralysis of envenomed prey by inhibiting the
nicotinic acetylcholine receptor (nAChR) response 
to acetylcholine, thus blocking signal transduction.
Two recently characterized a-conotoxins, PnIA and
PnIB, isolated from the molluscivorous Conus pen-
naceus [8], differ from most a-conotoxins in their
selectivity for neuronal nAChR, rather than that
associated with skeletal muscle. 
The neuronal subtype of the nAChR has been identi-
fied as a potential target for therapeutic intervention
of dementia [19] and is implicated in neurite growth
[20] and modulation of synaptic transmission [21].
Accurate structural information of potent and selec-
tive probes of the neuronal nAChR, such as PnIA,
will significantly improve our understanding of the
neuronal nAChR and its ligand-binding sites.
The high-resolution structure of PnIA reported here
shows it to be a very compact molecule that provides
a rigid disulfide scaffold for the surface presentation of
other side-chain functionalities. The specific arrange-
ment of these side chains in PnIA produces a distinct
surface charge and hydrophobicity pattern that may
be important for receptor recognition. Alteration of
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Table 4
Hydrogen bond interactions in PnIA.
Contact Distance (Å)
Intramolecular
Gly1:O Ser4:OG 3.0
Cys2:O Ser4:N 3.2
Cys2:O Ala9:N 3.4
Cys2:O Leu5:N 3.0
Leu5:O Cys8:N 3.0
Leu5:O Ala9:N 2.9
Pro6:O Ala10:N 3.1
Pro7:O Asn11:ND2 2.8
Pro7:O Asn11:N 3.3
Cys8:O Asn11:N 3.1
Cys8:O Asn12:N 3.0
Cys8:O Asn12:ND2 3.0
Ala9:O Asn12:N 3.2
Asn12:O Tyr15:N 3.1
Asn12:O Cys16:N 3.0
Intermolecular
Gly1:N Asn12:OD1† 2.8
Gly1:N Cys16:O† 3.0
Cys2:N Asp14:OD2† 2.8
Water–Water
Wat17 Wat27 3.1
Wat17 Wat28 2.8
Wat18 Wat26* 2.9
Wat18 Wat23* 3.2
Wat19 Wat20 3.1
Wat20 Wat21 3.1
Wat21 Wat28† 3.0
Wat22 Wat28† 3.0
Wat23 Wat26* 2.8
Wat24 Wat26 3.2
PnIA–Water
Gly1:N Wat22† 3.0
Gly1:N Wat24† 3.0
Gly1:O Wat24† 3.2
Cys2:N Wat18† 3.3
Cys2:N Wat26† 3.3
Cys3:N Wat26† 3.0
Cys3:O Wat21 2.7
Ser4:OG Wat22† 3.0
Ser4:OG Wat24† 2.9
Ser4:O Wat23 2.8
Ser4:O Wat27* 3.1
Pro7:N Wat19† 3.4
Pro7:O Wat25 3.2
Ala10:O Wat23† 2.7
Ala10:O Wat18† 3.0
Asn11:OD1 Wat25 3.3
Asn11:ND2 Wat25 2.9
Asn11:ND2 Wat21* 2.5
Asn11:O Wat19* 3.0
Asn11:O Wat25† 3.3
Asn12:ND2 Wat28† 3.1
Asp14:OD1 Wat25† 3.2
Asp14:OD2 Wat18 2.7
Asp14:O Wat27 2.9
Tyr15:O Wat17 2.9
Tyr15:O Wat24 2.7
Tyr15:OH Wat23† 2.8
Cys16:O Wat19 2.8
Cys16:O Wat22 3.1
Distances are given for all hydrogen bond interactions in the PnIA
crystal structure. *x, y, z; †–x, y+½, –z.
the side chains responsible for the surface features of
the toxin will be important in identifying the struc-
tural requirements for selectivity and/or affinity for
the neuronal nAChR. In addition, structure–function
studies of PnIA mutants and comparison with 
other a-conotoxin structures should prove extremely
valuable in the investigation and modeling of
nAChR–ligand interactions.
Materials and methods
Peptide synthesis
The PnIA peptide was assembled on p-methybenzhydryl amine resin
using HBTU/DIEA activation and the in situ neutralisation protocol for
Boc-Chemistry [22]. The peptide was then cleaved from resin using
liquid hydrogen fluoride (HF), p-cresol and p-thiocresol (in the ratio
18:1:1) for two hours at 0–2°C. HF was removed under vacuum and
the peptide precipitated with diethylether under gaseous nitrogen. 
A Vydac C18 preparative column was used for purification, with a
gradient of 20–50% B in A over 60 min. (A=0.1% trifluoroacetic acid
(TFA) in H2O, B=0.09% TFA in 90% acetonitrile/H2O). Disulfide
bonds were formed non-selectively using 0.1 M NH4CO3 buffer, pH 8.0 
at 20–25°C, and monitored using electrospray mass spectrometry,
Ellman’s reagent and analytical C18 reverse phase HPLC. Disulfide
formation was usually complete after 48 h. Oxidised peptides were
repurified using the previously described gradient and purity checked
by HPLC and electrospray mass spectrometry.
Crystallization and data collection
Small, thin, needle-like crystals of PnIA appeared spontaneously in a
3 mg ml–1 solution in distilled water that had been stored at 4°C. To
improve the size of the crystals for diffraction-data measurement, the
small crystals were macroseeded into hanging drops consisting of 2 ml
of 3 mg ml–1 PnIA mixed with 2 ml of reservoir (0.2 M K, Na Tartrate in
0.1 M Tris–HCl buffer, pH 8.0) and these were left to equilibrate against
the reservoir by vapour diffusion at 14°C. The resulting crystals were still
relatively small, with typical dimensions of 0.3 ×0.1 ×0.05 mm3, but they
diffracted strongly to 1.1 Å resolution. The crystals belong to the mono-
clinic space group P21 with unit cell dimensions of a=15.0 Å, b=19.8 Å,
c=16.5 Å and b=113.4°. Assuming one molecule of PnIA in the asym-
metric unit, the crystal volume per unit of protein molecular weight (Vm)
is calculated to be 1.4 Å3 Da–1, with a solvent content of 12%, which is
lower than the normal range (30–70%) for proteins [23].
Diffraction data were collected at 16°C using an R-Axis IIC imaging
plate area detector system with CuKa radiation (wavelength 1.54 Å)
generated from a Rigaku RU-200 rotating anode X-ray generator oper-
ating at 46 kV and 60 mA (Yale double focussing mirror monochroma-
tor, 0.2 mm cathode, 0.5 mm collimator). For 1.1 Å data, the
crystal-to-detector distance was set to 95 mm and the detector swing
angle (2θ) set to 44°. Data were measured from two crystals, using two
different orientations of each to maximise data completeness (this was
crucial for structure determination by Shake-and-Bake). Data images of
10° oscillations were measured over 60 min and the oscillation images
were integrated, scaled and merged using DENZO and SCALEPACK
[24,25]. The resulting merged data set consists of 16 298 independent
observations corresponding to 3 459 unique reflections and which is
94% complete to 1.1 Å and has an Rsym(I) of 8.0%. Statistics for data
collection and refinement (see below) are given in Tables 1 and 2.
Structure determination and refinement
The crystal structure was solved by direct methods using the Shake-and-
Bake program [14]. Normalised structure-factor magnitudes (|E|s) were
calculated using programs BAYES, LEVY and EVAL [26]. About 400
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Figure 5
Surface representation of PnIA. Four views of
the molecular surface of PnIA, coloured
according to electrostatic potential (blue for
positive, red for negative, white for
hydrophobic and pale blue/red for polar
regions). Charges were taken from XPLOR
tophcsdx.pro [28]. The views are 90°
incremental rotations around the vertical axis.
(a) Surface of PnIA, shown in the same
orientation as Figure 3. (b) View rotated 90°
around the vertical axis. (c) View rotated 180°
around the vertical axis. (d) View rotated 270°
around the vertical axis. (Figures were
generated using GRASP [34].)
trial structures were generated, without geometric constraints, and these
were subjected to 200 cycles of the Shake-and-Bake procedure,
employing reciprocal-space phase refinement with Fourier refinement in
real space. A total of 116 non-hydrogen starting atoms were used in the
structure factor calculations with the four largest peaks treated as sulfur
atoms. A histogram of R(ϕ), which measures the mean-square difference
between the calculated structure invariants and their expected values,
showed a bi-modal distribution for the 400 trial structures with 29 solu-
tions in the range of 0.361–0.370. Coordinates of the top 70 peaks from
the Shake-and-Bake solution were used to calculate an Fo map at 1.5 Å
resolution. This map revealed the positions for all atoms of Cys3, Pro6,
Pro7, Tyr15 and Cys16, main-chain atoms for residues Ser4, Leu5,
Cys8, Ala9, Ala10, Asn11, Asn12 and Asp14 as well as the side chain
of Cys2. The initial crystallographic R factor for this model structure was
37.8%, with an R free (calculated from 10% of the data) of 41.0%.
Several rounds of individual atomic positional refinement with X-PLOR
[27], using Engh and Huber parameters [28], model building with O [29],
and inspection of the 2Fo–Fc and Fo electron-density maps, allowed the
remaining atoms to be identified. The crystallographic R factor of this
model was 20.1% with an R free of 25.6% at 1.5 Å resolution. The reso-
lution of the data used in refinement was gradually extended to 1.1 Å
resolution and a total of 12 solvent molecules (modeled as water) were
added. These were included only if the difference electron density
showed a peak above 3s and the modeled water made stereochemically
reasonable hydrogen bonds. A final round of X-PLOR positional and indi-
vidual isotropic B-factor refinement reduced the R-factor to 12.7% for
data between 6.0 Å and 1.1 Å, with an R free of 15.2%. Anisotropic
B-factor refinement was performed with SHELXL93 [30] to give an 
R factor of 11.5% and an R free of 14.4%. The final model includes all
non-hydrogen atoms for the 16 residues of PnIA and 12 solvent mol-
ecules. The rms deviation from ideal bond lengths is 0.005 Å and for
bond angles is 1.6°. PROCHECK [31] was used to check the validity of
the structure. All residues have f,ψ values in allowed regions of the
Ramachandran plot and the error in coordinates, as estimated from a
Luzzati plot, is 0.1–0.15 Å (using R factor or R free). The average
isotropic B-factors for main-chain and side-chain atoms are 6.7 Å2 and
8.5 Å2, respectively (7.4 Å2 and 9.0 Å2 for anisotropic B-factors) and the
high quality of the final 2Fo–Fc map can be seen in Figure 2. 
Coordinates of PnIA have been deposited with the Protein Data Bank
[32] (accession code 1PEN).
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